We investigated the electronic structure of semiconducting single-walled carbon nanotubes (CNTs) adsorbed on the (111) surfaces of Au, Ag, Pt, and Pd and on the (0001) surfaces of Mg by first-principles calculations. Our calculations show that the electronic structure of the CNTs adsorbed on the metal surfaces strongly depends on the metal species. We found that on Pd surfaces, the characteristic one-dimensional electronic structure of the CNTs is totally disrupted by the strong hybridization between the π state of the CNTs and the d state of the Pd surfaces. In sharp contrast, on the Au surfaces, the CNTs retain the one-dimensional properties of their electronic structure. The distribution of the total valence charge of the CNTs on the Pd surfaces also shows a strong covalent nature between the CNTs and the surfaces. Our calculations show the importance of metal electrodes in designing CNT electronic devices.
I. INTRODUCTION
Miniaturization in semiconductor technology requires finding and predicting nanometer scale materials that incorporate or substitute for conventional materials in silicon-based electronic devices. Among them, carbon nanotubes (CNTs) (Refs. 1 and 2) remain important as they have various interesting electronic properties that depend on tiny differences in atomic arrangements. 3, 4 Their peculiar electronic properties allow for the possible fabrication of superior nanometer scale electronic devices that consist of nanotube and conventional material hybrids. For instance, it has been demonstrated that individual semiconducting nanotubes can function as field-effect transistors (FETs) (Refs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] in which nanotubes can be placed on the insulating substrates and thus form contacts with various metal surfaces such as Pt, Au, Ca, Al, and Pd. 5, 6 It has been reported that the FETs have different properties depending on the contact metal species; e.g., they exhibit n-type and p-type properties for Ca and Pd electrodes, respectively. 13, 14 This experimental evidence indicates that nanotubes and other conventional material hybrids are essential in these devices and they play a crucial role in determining their fundamental properties. However, little is known about the fundamental properties of the hybrid structures compared with current semiconductor technology. [17] [18] [19] [20] [21] In particular, the stability and properties of the interface between the nanotubes and the metals are most important for the next generation of semiconductor technology.
The purpose of this work was to unravel the interplay between the tube-origin and the surface-origin electronic states in determining the stability and properties of the nanotubes attached to metal surfaces. We used single-walled carbon nanotubes (CNTs) that were adsorbed onto metal surfaces and this is considered to be a structural model of the contact between CNT and the metal electrodes. Our first-principles total energy calculation was based on density functional theory and we determined the geometric structures and properties of the nanotube-metal contact, which strongly depended on the metal species. The Fermi level of metal/CNT hybrid system is proportional to the work function of the metal species. This is in sharp contrast to conventional semiconductor-metal contacts in which the Fermi level is virtually pinned. [22] [23] [24] A detailed analysis of the local density of states (LDOS) of the CNTs revealed that the LDOS on the C atoms at the interface region loses the characteristics of semiconducting CNTs for all the metals. At the opposite side of the CNTs for Mg, Ag, and Au, the CNTs repair their inherent density of states (DOS) near the Fermi level. In sharp contrast, on the Pd and Pt surfaces, the LDOS of the CNTs still exhibit substantial hybridization between the CNTs and the metal surfaces.
II. CALCULATION METHODS
In this work, we used the TAPP (Refs. 25 and 26) code to study the geometric and electronic structures of (10,0) nanotube adsorbed on metal surfaces. All the calculations were performed using density functional theory. 27, 28 To express the exchange-correlation energy between electrons, we used a functional form fitted to the Monte-Carlo results for a homogeneous electron gas. 29, 30 Ultrasoft pseudopotentials were used to describe the electron-ion interaction. 31 The valence wave functions were expanded in terms of the plane-wave basis set with a cutoff energy of 30 Ry. The conjugate-gradient minimization scheme was used for the electronic structure calculation and for geometry optimization. The lattice parameters were fixed during the structural optimization. For the optimized geometry, the atoms were subjected to a force of less than 0.002 hartree/a.u. 32 Integration over the two-dimensional Brillouin zone was carried out using eight k points.
For this calculation, we assumed the structure shown in Fig. 1 to simulate the contact between the CNTs and the metal electrode. We chose the (111) surfaces of Pd, Pt, Ag, and Au as substrates for CNTs. We also chose the (0001) surfaces of the Mg substrate. The surfaces were simulated by repeating slab models with five atomic layers. Each slab was separated by 22Å vacuum regions to determine the optimized geometries, electronic states, and energetics of the CNTs adsorbed on the surface. We therefore placed semiconducting (10,0) nanotubes on the metal surfaces. Each nanotube was separated in the lateral direction by 7Å or more to simulate the characteristics of individual nanotubes on metal surfaces. We imposed a commensurability condition between the one-dimensional periodicity of the nanotube and the lateral periodicity of the metal surface. Consequently, the unit cell along the tube axis parallel to the surfaces contains double periodicity because of the zigzag nanotube. The commensurability results in the lattice constant of the nanotube on the metal surface becoming elongate by around 3%. Figure 2 shows the optimized structures of the CNTs adsorbed on metal surfaces. As shown in Fig. 2 (b), substantial structural relaxation was found for both the CNT and the topmost subsurface of the Pd substrate. The CNT is slightly deformed along the direction normal to the Pd surface. The Pd atoms at the topmost layer are shifted slightly downward. The equilibrium distance between the wall of the CNT and the Pd surfaces is 2.2Å. Substantial structural relaxation was also found to occur for the CNT on the Pt surface. In this case, the CNT is elongated along the direction normal to the Pt surface. On the other hand, the topmost layer of the Pt surface is protruded, resulting in a decrease in interunit spacing. The optimum spacing between the wall of the CNTs and the surfaces was found to be 2.2Å and this is the same as for the CNTs on Pd surfaces. In sharp contrast to Pd and Pt surfaces, the CNT and the metal atoms on the substrate do not exhibit structural relaxation on Au, Ag, and Mg surfaces. The CNTs adsorbed on the Au, Ag, and Mg surfaces retain their cylindrical shape. Furthermore, these metal surfaces also retain their planar structure. In this case, the optimum distance between the walls of the CNTs and the surfaces are 2.9, 2.5, and 2.9Å for the Mg, Ag, and Au surfaces, respectively.
III. RESULTS AND DISCUSSION

A. Energetics of CNTs on the metal surfaces
The local potential of the CNT/metal hybrid structure averaged along the normal to the surfaces is shown in Fig. 2 . Among the metal surfaces studied, Pd and Pt seem to be the preferred electrodes for CNTs that possess good contact properties because there is no potential barrier between the CNTs and the Pd/Pt surfaces. Therefore, the electrons are injected smoothly from the metal electrode into the CNT. These experiments show that Pd is a good electrode for carbon-based electronic devices. 7, 8 Besides the Pd surface, no potential barrier exists between the CNTs and the Ag surface. As shown later, however, the electronic structure of the CNTs on the Ag surface is very different from that of CNTs on Pd/Pt surfaces. In sharp contrast, Au and Mg seem to be unfavorable candidates for metal electrodes which form ohmic contact with CNTs. Substantial barriers exist between the CNTs and the metal surfaces. These potential barriers may scatter the electrons that are transferred from the metal to the CNT. It should be noted that the local potential profiles in the metal region depend on the metal species. This dependency comes from the configuration of valence electrons in each metal atoms. Configurations of valence electrons are (3s) 2 , (4d) 10 , (4d) 10 (5s) 1 , (5d) 9 (6s) 1 , and (5d) 10 (6s) 1 for Mg, Pd, Ag, Pt, and Au, respectively. The local potential profile of Mg comprising only of s orbital is the most simple and has local minimum values at atomic layers. In contrast, the local potential profile of Pd comprising only of d orbital is bumpy and has some local minima due to the characteristic distribution of d orbital. The local minima are not only at atomic layers but also at middle points of atomic layers. For the other metal surface possessing d orbitals, the slopes of the local potential profile are more easier than that of Pd, because of the presence of s orbital. Figure 3 shows the total DOS of CNT/metal hybrid structures. Substantial DOS emerge near the Fermi level, which conceals the CNT spectrum from the total DOS. However, we can assign the first van Hove singularity of the CNTs on Mg, Ag, and Au, by comparing with LDOS for these systems. As will be mentioned later, the E 11 gap clearly exits in LDOS for the CNTs on Mg, Ag, and Au. It is clear that electrons are injected into the CNTs from the Mg surface since the lowest unoccupied state of the CNT is located below the Fermi level. In sharp contrast, for the Ag and Au surfaces, a charge transfer does not occur. On the Ag surfaces, the Fermi level is located just below the lowest unoccupied state of the CNTs. These facts indicate that the CNTs on the Ag surfaces can potentially be an n-type channel as for the Mg electrode. On the Au surfaces, the Fermi level is located just above the 035406-2 In the left panels, the open circles and the closed circles represent carbon atoms and metal atoms, respectively. In the right panels, the black dots represent the position of carbon atoms or metal atoms. Equilibrium distance separation between the wall of the CNT and the Mg, Pd, Pt, Ag, and Au surfaces is 2.9, 2.2, 2.2, 2.5, and 2.9Å, respectively. highest occupied state of the CNT. Therefore, the CNTs with Au electrodes may exhibit a p-type character. In sharp contrast to the Ag, Au, and Mg surfaces, it is difficult to assign the peaks in the spectra that originate from the CNTs on the Pt and Pd surfaces. This fact indicates that the π states of the CNT are substantially hybridized with the d states of surface Pd and Pt atoms. It is thus important to investigate how the local electronic structure of a CNT is modulated by the adsorption of CNTs onto the metal surfaces. In particular, it is important to determine if the semiconducting CNTs on the metal surfaces retain their semiconducting properties on the surfaces. To obtain theoretical insight into this issue, we investigated the LDOS on each C atom along the circumference of a CNT.
B. Electronic structure of the CNTs on the metal surfaces
Figures 4, 5, and 6 show the LDOS of the CNTs adsorbed on the Mg surface, the Ag surface, and the Au surface, respectively. As shown in these figures, all the C atoms in the CNTs retain the characteristic nature of a CNT. For each atomic site, the peaks that originate from the first van Hove singularities are present in the spectra. In particular, at the atomic sites facing the vacuum region, the two peaks associated with the E 11 gap are clear in the spectra and the LDOS are absent between these two peaks. Upon approaching the metal surfaces, metal-induced gap states appear 23, 24 and give small but substantial DOS in the band gap of the CNTs. It should be noted that the peak position weakly depends on the atomic site. This shift should correspond with band bending in the semiconductor at the interfaces with the metal surfaces. The CNTs on the Ag, Au, and Mg surfaces mostly retain their electronic structures except for the above-mentioned differences.
In contrast to the Ag, Au, and Mg surfaces, the electronic structure of the CNTs is drastically modulated upon their adsorption onto Pd and Pt surfaces. The LDOS of a CNT on Pd and Pt surfaces is shown in Figs. 7 and 8 , respectively. As shown in these figures, the characteristic feature of the DOS of CNT is absent and a finite DOS emerges around the Fermi level. For the C 6 atoms facing the Pd/Pt surfaces, a large DOS without significant structure emerges at the Fermi level. Furthermore, a small but finite DOS emerges around the Fermi level even on C atoms facing the vacuum region. This modulation is due to strong hybridization between the π state of the C atoms and the d states of the Pd/Pt surfaces. The LDOS of the CNTs on the Pd/Pt surfaces indicates that the CNTs lose their original character, at least in the nanometer range.
Finally, we focused on the Fermi level of our CNT/metal hybrid system as a function of the work function of the metal species. It is well known that the Fermi level of conventional semiconducting materials such as Si and GaAs is pinned at a certain energy. However, the Fermi level is not pinned in the CNT/metal hybrid system. As shown in Fig. 9 , the Fermi level E f of the CNT/metal hybrid system measured from the vacuum level is almost proportional to the work function of the metal species. For CNTs on Mg whose work function is the smallest among the metals studied here, −E f is the shallowest. With increasing the work function, −E f also monotonically increases. Therefore, the Fermi level of the CNT/metal hybrid system strongly depends on the work function of metal surface. The fact indicates the possibility that the height of the Schottky barrier between CNT and metal surface is tunable by selecting metal species. This agrees well with experimental results, which showed that CNTs can function as p-type and n-type channels depending on the metal electrode species.
14
IV. CONCLUSION
We investigated the electronic structures of CNTs on (111) surfaces of Ag, Au, Pd, and Pt, and the (0001) surfaces of Mg by performing first-principles total-energy calculations. Our calculations show that the electronic structure of the CNTs adsorbed on metal surfaces strongly depends on the metal species. For Ag, Au, and Mg surfaces, the CNTs mostly retain their pristine electronic structures upon adsorption. In particular, for the C atoms far from the metal surfaces, the characteristic DOS for the CNTs are found to emerge around the Fermi level. On the other hand, for the C atoms that face the metal surfaces, metal-induced gap states appear and give small but substantial DOS in the band gap of the CNTs. In sharp contrast, the characteristic electronic feature of the CNTs is totally disrupted after adsorption onto Pd and Pt surfaces due to the hybridization between the π state of the CNTs and the d orbital of the metal surfaces. Our analysis of the total valence charge clearly shows that CNTs form covalent bonds with the Pd surface and the Pt surface. Finally, our calculations indicate that the metal-induced gap states and the interface states caused by hybridization between the π state of the CNTs and the d orbital of the metal surfaces do not pin the Fermi level in the CNT/metal hybrid system. The Fermi level at the CNT/metal interface is proportional to the magnitude of the work function of the metal species.
